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Abstract 
The goal of this study is to contribute to the physics underlying the material properties of 
suspensions that exhibit shear thickening through the ultrasonic characterization of 
suspensions of cornstarch in a density-matched solution. Ultrasonic measurements at 
frequencies in the range of 4 MHz to 8 MHz of the speed of sound and the frequency-
dependent attenuation properties are reported for concentrations of cornstarch in a 
density-matched aqueous (cesium chloride brine) suspension, ranging up to 40% 
cornstarch.  The speed of sound is found to range from 1483 m/s ± 10 m/s in pure brine to 
1765 m/s ± 9 m/s in the 40% cornstarch suspension.  The bulk modulus of a granule of 
cornstarch is inferred to be 1.2(± 0.1)*1010 Pa. The attenuation coefficient at 5 MHz 
increases from essentially zero in brine to 12.0 dB/cm ± 1.2 dB/cm at 40% cornstarch.  
 
 
 
PACS numbers: 43.35.Bf, 43.35.Cg, 43.35.Mr
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I. INTRODUCTION 
 Aqueous suspensions of cornstarch are known for displaying discontinuous shear 
thickening. The mechanisms underlying this behavior are an active subject of research.1-7 
Suspensions that shear thin or thicken are of fundamental interest and are also of potential 
practical importance. Flowing blood, which consists of liquid plasma and (soft-solid) 
formed elements, can exhibit shear thinning behavior.8  Shear thickening fluids have been 
considered as a means of capping blown-out oil wells9 and as a component of body 
armor.10  As indicated in the Discussion section below, the ultrasonic characterization of 
static cornstarch suspensions provides a useful first step toward using ultrasound to study 
the physics of these suspensions under shear. 
Ultrasound has been used to characterize cornstarch (and starches in general) for a 
number of different applications. The food industry has used ultrasound to examine 
starches and flours for at least 25 years in order to study gelatinization.11-20  Ultrasound 
has also been used to characterize dense slurries similar to the cornstarch suspensions.21-
23  Several papers have examined the flow properties of suspensions of cornstarch using 
ultrasonic methods.24-26  Cornstarch has also been used as a scatterer in ultrasonic 
phantoms.27-28  Koltsova et al. characterized cornstarch in relatively low concentrations of 
non-density-matched suspensions.29-30  
 The present investigation reports ultrasonic (4 to 8 MHz) measurements of the 
speed of sound and the frequency-dependent attenuation for concentrations of cornstarch 
ranging from 0% to 40% in a density-matched aqueous suspension.   
 
II. METHODS 
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A.  Sample preparation 
 Cornstarch granules (Sigma Aldrich, St. Louis, MO) have a density of 
approximately 1.6 g/cm3 and settle too rapidly in pure water to permit quantitative 
experimentation. Settling is slowed by the use of a density-matched fluid.5,7  It was found 
51.5% (mass fraction) cesium chloride brine in water to yield the best match.  This is 
close, but not identical, to the concentration used in other studies, perhaps reflecting 
variability of the properties of cornstarch, a natural product that absorbs and desorbs 
environmental water.  The density of the 51.5% brine was measured to be 1.62 g/mL ± 
0.01 g/mL using a precision pipette (Biohit Corporation, Laippatie, Helsinki) and a 
XS105 Dual Range Balance (Mettler Toledo, Greifensee, Switzerland), consistent with 
standard results.31  The density of the cornstarch granules falls within the range of values 
measured in the literature.7,32 
 Cornstarch suspensions were measured in a cylindrical plastic (LexanTM) holder of 
diameter approximately 45 mm fitted with thin plastic wrap (Saran WrapTM) windows on 
each end.  The ultrasonic path length through the suspension was approximately 12 mm.  
 
B. Speed of sound measurement 
 The speed of sound in the cornstarch suspensions was measured in reflection mode 
using a time-of-flight technique using the signals reflected from the front and back 
surfaces of the sample and from a steel plate reflector with and without the sample 
present.33,34  The experimental setup is shown in Figure 1.  The sample holder containing 
the starch was immersed in a host medium of water. The data were acquired using a 
focused piezoelectric transducer (Panametrics V309 transducer with a nominal center 
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frequency of 5 MHz, a 0.5 inch (12.7 mm) diameter and a 2 inch (50.8 mm) point target 
focus; Panametrics, Waltham, MA) driven by a Panametrics 5800 Pulser/Receiver. The 
fractional bandwidth of the transducer was 80%.  The signal was received by the same 
transducer, amplified by the Pulser/Receiver, and digitized at 8 bits by the TDS5052 
Digital Oscilloscope (Tektronix, Beaverton, OR).  The received signals were averaged 
over 256 pulses.  
 The speed of sound in the sample was determined using  
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where vh is the velocity in the host medium, tref is the roundtrip time for the reference 
measurement without the sample, tsamp is the roundtrip time with the sample interposed, 
tFW is the roundtrip time for the signal to reflect off of the front wall of the sample and 
return to the transducer, and tBW is the roundtrip time for the signal to reflect off of the 
back wall of the sample and return to the transducer.  The pertinent times were 
determined from the maximum of the magnitude of the analytic signal.  The magnitude of 
the analytic signal was obtained as 
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where xa(t) is the analytic signal of some function of time x(t) and H{x(t)} is the Hilbert 
transform of x(t).35  An advantage of this method is that it does not require an 
independent measurement of the sample thickness.   
 The sample thickness was determined from the same timing measurements, and is  
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The host velocity is calculated from a known polynomial relationship between the 
temperature of water and the speed of sound in water.36  The temperature was monitored 
throughout the experiments and did not vary more than 0.2 °C.  This is approximately 
equivalent to variation of 0.5 m/s in the speed of sound in the water. 
 The speed of sound was determined for eight samples prepared and measured at 
each concentration (10%, 20%, 30%, and 40%) of cornstarch in a density-matched 51.5% 
cesium chloride solution.  In order to characterize the medium in the absence of shear 
thickening, the concentrations studied in this manuscript range from well below the point 
at which shear thickening has been observed to the range (40%) beyond which shear 
thickening has been reported.5  The speed of sound was also measured for two 51.5% 
cesium chloride solutions with no cornstarch added (0% cornstarch).   
 
C. Attenuation measurements 
The frequency dependent attenuation coefficient was determined using the log-spectral 
subtraction method.37  The experimental setup is shown in Figure 1.  The reference 
measurement was made by recording the reflection of a signal from a steel reflector 
placed at the focus of the transducer.  The sample measurement was also made with the 
focus of the transducer on the steel reflector but with the sample placed in between the 
transducer and the reflector.   The attenuation coefficient was measured over a bandwidth 
of 4 MHz to 8 MHz for eight samples at each concentration. 
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 The frequency dependent attenuation coefficient in units of dB/cm was determined 
with the log spectral subtraction technique, 
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The reference and sample power spectra, Vr
2
and Vs
2
, are determined from the 
measurements of the reference and sample signals. The log spectral subtraction of the two 
power spectra detailed in the first term on the right hand side of Equation 4 results in the 
signal loss. The signal loss is compensated by the intensity transmission coefficients, 
Tw! s!c
I , and then divided by the sample thickness,  ! , in order to arrive at the attenuation 
coefficient.  The effect of diffraction on the measurement of the attenuation coefficient as 
a function of frequency was investigated experimentally using an approach suggested by 
Wu and Kaufman.38  For all suspensions studied, the diffraction-correction was 
negligible. 
 
III. RESULTS 
 The speed of sound in the cornstarch suspensions in 51.5% cesium chloride 
solutions is plotted as a function of cornstarch concentration in 21 and summarized in 
Table 1. The speed of sound in the cornstarch suspensions increased progressively from 
0% to 40% cornstarch concentration.   
 The measurements of the attenuation coefficient as a function of frequency are 
shown in Figure 3. The figure displays the individual measurements of the attenuation 
coefficient for each of the eight independent samples at each concentration. The scatter 
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among nominally identical samples is an indication of the reproducibility of the 
measurements.  Potential sources of this scatter include sample heterogeneity resulting 
from sedimentation (density-matching is not perfect and starch granules are unlikely to be 
of identical density), imperfect initial mixing, and acoustic refraction as a result of 
heterogeneities.  The attenuation coefficient increased with increasing concentration of 
cornstarch. Table 1 displays the average attenuation coefficients at selected frequencies 
for each of the concentrations of cornstarch.  
 
IV.  DISCUSSION 
This study ultrasonically characterized suspensions of cornstarch in a density-
matched aqueous solution at concentrations up to 40%.  Both the speed of sound and the 
frequency dependent attenuation coefficient increase progressively with cornstarch 
concentration.   
The measurements of the speed of sound were used to estimate the bulk modulus 
in the cornstarch granule itself.  This method has earlier been used to determine the 
compressibility of oil droplets39 and the compressibility of red blood cells40 from 
measurements of suspensions.  For a suspension of two components that do not react 
chemically with each other, the speed of sound is related to the bulk moduli and mass 
densities of the components by 
 
c = K1K2
f1K2 + 1! f1( )K1"# $% f1&1 + 1! f1( )&2"# $%      (5) 
 
where ρ1 is the density of the suspending medium (51.5% cesium chloride solution), ρ2 is 
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the density of the granule of cornstarch, K1 is the bulk modulus of the suspending 
medium, K2 is the bulk modulus of the granule of cornstarch, c is the speed of sound in 
the suspension, and f1 is the volume fraction of the suspending medium.41  In this work, 
ρ1= ρ2 because of the use of a density matched solution.  The speed of sound and bulk 
modulus of a material are related by 
 
c =
K
!         (6). 
 
Because the starch granules are very small compared to the ultrasonic wavelength, their 
response to shear may be neglected.  Equation 5 can be re-expressed to determine the 
speed of sound in the cornstarch granules, c2, where c1 is the speed of sound in the host 
medium 
 
c2 =
c2c1
2 1! f1( )
c1
2 ! c2 f1
    (7). 
Table 2 shows the calculated speed of sound in the cornstarch granules at suspension 
concentrations of 20%, 30%, and 40%.  Results for the 10% concentration are not shown 
because the denominator of Equation 7 vanishes at low concentrations, making the 
inferred c2 sensitive to small experimental errors.  Values of the bulk modulus in the 
cornstarch granules were inferred from the calculated speed of sound at each 
concentration using Equation 6 and a density of 1.62 g/cm3. 
The bulk modulus of cornstarch shown in Table 2 is consistent (to within the 
expected accuracy of measurement) for the 20%, 30%, 40% concentrations.  The bulk 
 10 
moduli for an extruded wheat starch gel containing 34% water and for wheat flour dough 
containing about 50% water were both reported to be approximately 5*109 Pa.17,18  The 
value for the bulk modulus reported is for a pure cornstarch granule, whereas the 
estimates from the literature were for a gelatinized starch and a flour dough both 
containing significant amounts of water, so the difference is not unexpected.  
The data reported in Table 1 and Figure 3 indicate that the attenuation varies 
slightly more steeply than the first power of the frequency.  This lies between the low 
frequency (f2) and high frequency (f0.5) exponents of classical theory.42  For cornstarch 
granules with typical radii of 7 microns, insonification at 4-8 MHz is in the low 
frequency regime; the measured attenuation is about an order of magnitude greater than 
expected on the basis of viscous and thermal dissipation.  It is plausible that the dominant 
source of dissipation is internal relaxation in the cornstarch.  Internal relaxation typically 
gives an attenuation proportional to frequency, a somewhat, but not enormously, weaker 
dependence than what was measured. 
The attenuation was found to vary slightly more steeply than the first power of the 
starch concentration.  Theory predicts linear proportionality for viscous and thermal 
dissipation in the dilute limit, but this is not expected to be quantitatively applicable at the 
large concentrations of our experiments.  Linear proportionality would also be expected 
for internal relaxation in the starch granules.  At higher concentrations the granules 
interact acoustically and their behavior is expected to be complex. 
 
V.  CONCLUSIONS 
The goal of this study was to measure the material properties of suspensions of 
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cornstarch in a density-matched solution. Ultrasonic measurements of the speed of sound 
and the frequency-dependent attenuation properties are reported for concentrations of 
cornstarch in a density-matched aqueous suspension ranging from 0% cornstarch to 40% 
cornstarch. The speed of sound and the frequency dependent attenuation coefficient were 
both found to increase progressively with cornstarch concentration.  Results of these 
measurements were employed to determine the bulk modulus of the anhydrous cornstarch 
granule, a quantity that is not readily measured in any other way. 
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TABLE I. The speed of sound and attenuation coefficient at specific frequencies is 
displayed for each concentration of cornstarch in a 51.5% cesium chloride suspension. 
Cornstarch 
Mass 
Fraction 
Speed of 
Sound  
(m/s) 
Attenuation Coefficient (dB/cm) 
4 MHz 5 MHz 6 MHz 7 MHz 8 MHz 
0% 1483 ± 10 - - - - - 
10% 1531 ± 6 1.4 ± 0.1 2.0 ± 0.1 2.6 ± 0.1 3.4 ± 0.1 4.2 ± 0.2 
20% 1602 ± 6 3.1 ± 0.3 4.3 ± 0.2 5.6 ± 0.2 7.0 ± 0.2 8.6 ± 0.2 
30% 1671 ± 6 4.9 ± 0.5 6.7 ± 0.5 8.6 ± 0.6 10.8 ± 0.6 13.2 ± 0.7 
40% 1765 ± 9 9.3 ± 1.1 12.0 ±1.2 15.0 ± 1.2 18.6 ± 1.3 22.7 ± 1.3 
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TABLE II. The speed of sound in pure cornstarch granules inferred from the speed of 
sound of suspensions. The bulk modulus was inferred from the determined speed of 
sound using Equation 6. 
Starch Suspension 
Mass and Volume 
Fraction 
Measured 
Suspension Speed 
of Sound (m/s) 
Inferred Starch 
Speed of Sound 
(m/s) 
Inferred Starch 
Bulk Modulus 
(GPa) 
20% 1602 ± 6 2800 ± 170 12 ± 1 
30% 1671 ± 6 2750 ± 90 12 ± 1 
40% 1765 ± 9 2880 ± 100 13 ± 1 
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List of Figures 
FIG. 1 a) The experimental setup for the measurement of the speed of sound.  b) 
The experimental setup for the measurement of the attenuation coefficient 
as a function of frequency.  
 
FIG. 2 The speed of sound of the cornstarch in a density-matched (51.5%) cesium 
chloride suspension.  The error bars are too small to be visible on this 
scale. 
 
FIG. 3 The attenuation coefficient shown as a function of frequency a) on a linear 
scale and b) on a log-log scale.  Measurements were made of 8 
independent samples of each concentration of cornstarch suspended in a 
51.5% cesium chloride solution. 
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